obJective Dysexecutive syndrome is common in patients with moyamoya disease (MMD), a chronic cerebrovascular disease that is characterized by stenosis of the bilateral internal carotid arteries and progressive collateral revascularization, and MMD can be classified as ischemic or hemorrhagic according to the disease presentation and history. In this study, the authors aimed to determine which aspects of executive function are impaired in patients with MMD, in addition to the specific dysexecutive functions present among its clinical subtypes and the mechanisms underlying dysexecutive function in these patients. [SART]) to 49 patients with MMD and 47 IQ-, age-, education-, and social status-matched healthy controls. The dysexecutive questionnaire (DEX) was also used to assess participants' subjective feelings about their executive function. A total of 39 of the patients were evaluated by CT perfusion (CTP) before the assessments were performed, and the correlations among the performances of the patients on the above tests with the parameters of cerebral blood volume, cerebral blood flow (CBF), mean transit time (MTT), and time-to-peak (TTP) in the frontal lobes of these patients were also analyzed. results Many aspects of executive function in the patients with MMD were significantly poorer than those in the healthy controls, and the patients performed particularly poorer on the VF test, HSCT, N-back test, and SART. The patients with hemorrhagic MMD exhibited worse executive inhibition, executive processing, and semantic inhibition compared with those with ischemic MMD, but the latter group presented a worse working memory and poorer sustained attention. There were no significant differences in the DEX scores between the patients with MMD and healthy controls. The other findings were as follows: CBF was significantly positively correlated with the number correct on part B of the HSCT (r = 0.481, p = 0.01) and accuracy on the 0-back task of the N-back (r = 0.346, p = 0.031); MTT was significantly positively correlated with accuracy on the 2-back task of the N-back (r = 0.349, p = 0.034) and factor 5 of the DEX (r = 0.359, p = 0.032); and TTP was significantly positively correlated with the number correct on part B of the HSCT (r = 0.402, p = 0.034) and the 1-back reaction time of the N-back (r = 0.356, p = 0.026). coNclusioNs The patients with MMD exhibited impairments in semantic inhibition, executive processing, working memory, and sustained attention, but they were not aware of these deficits. Moreover, differences in dysexecutive function existed between the different subtypes of MMD. Hypoperfusion of the frontal lobe may be related to working memory and semantic inhibition impairments in patients with MMD.
M oyaMoya disease (MMD) is a rare, chronic cerebrovascular disease characterized by bilateral progressive stenosis of the arteries of the circle of Willis, ultimately leading to occlusion of the distal intracranial internal carotid arteries (ICAs) and progressive collateral revascularization. 2, 13, 16, 21, 32 MMD has variable clinical presentations. The disease causes ischemic stroke, intracranial hemorrhage, headache, seizures, and transient ischemic attacks (TIAs). 27 MMD presentations can be subdivided into the following 4 categories, which are not mutually exclusive: ischemic, hemorrhagic, epileptic, and "other." 14 Hemorrhagic and ischemic MMD exhibit some differences. Hemorrhaging in patients with MMD is related to the fragility of the neovessels, and inadequate perfusion leads to ischemic presentations, which are classified as infarction, TIA, and "other." 21 Revascularization surgery is effective for improving symptoms and reducing the incidence of subsequent ischemic stroke in patients with ischemic MMD. 23 Whether revascularization surgery is helpful for preventing future intracranial hemorrhaging remains unclear. 17 Some studies have shown that patients who undergo revascularization surgery generally have a lower risk of rebleeding compared with those who undergo conservative treatment, but this difference is not statistically significant. 11, 17, 23 Patients with MMD are known to exhibit impairments in some cognitive functions, especially executive functions. 13, 16, 19, 29, 30, 34 For example, Karzmark et al. assessed executive function in 30 patients with MMD by examining the total number of correct responses on the Delis-Kaplan Executive Functioning System Design Fluency Test, Letter and Category Fluency Tests, and part B of the Trail Making Test and found that some of these patients had impaired executive functioning. 19 Notably, executive function is an umbrella term for cognitive processes, including inhibition, working memory, reasoning, task flexibility, problem solving, and planning and execution. 9, 12, 25 The aspects of executive function that are impaired in patients with MMD are unknown. Furthermore, whether different clinical subtypes of MMD are associated with different types of dysexecutive function remains unclear. Moreover, the mechanisms underlying the dysexecutive function observed in patients with MMD remain unknown. Although studies have not obtained conclusive results in this regard, most studies have demonstrated that dysexecutive syndrome in patients with MMD is due to hypoperfusion. 7, 26, 31 However, some researchers have suggested that there are other relevant risk factors or comorbid conditions that lead to dysexecutive syndrome, such as clinical stroke history, bilateral or unilateral disease, and younger age at onset. 16, 20, 33 Therefore, a study of dysexecutive syndrome in different clinical MMD subtypes is warranted. Hence, in the current study, we aimed to determine which aspects of executive function are impaired in patients with MMD compared with healthy controls, and to identify the clinical subtypes and mechanisms underlying dysexecutive function in these patients.
methods study participants
We enrolled 56 patients in our study who were admitted to Beijing Tiantan Hospital at Capital Medical University in China from April 1, 2014, to September 15, 2014. All of the patients met the following inclusion criteria: 1) IQ > 70; 2) right-handed; 3) age > 10 years and < 50 years; 4) diagnosis of bilateral MMD based on digital subtraction angiography; 5) no history of revascularization surgery; 6) time interval from symptom onset to assessment of > 1 month; 7) ischemic MMD based on MRI results without intracranial bleeding prior to the assessment, and presentation as infarction, TIA, epilepsy, or other; and 8) hemorrhagic MMD with hemorrhagic presentation and a stable condition upon enrollment. The exclusion criteria were as follows: 1) diagnosis of psychological or mental disease; 2) other brain lesions, such as a brain tumor or brain trauma; 3) serious systemic disease, such as cardiac disease; and 4) severe dyskinesia or a language disorder that would prevent the completion of all of the tests. We also enrolled 4 patients who were diagnosed based on MR angiography, performed at an outpatient department. Additionally, we recruited 65 IQ-, age-, education-, social status-and sex-matched volunteers who had not been diagnosed with MMD or any other cerebral disease as the healthy control cohort. After exclusion of some of the subjects who had low intelligence (IQ < 70) or a high education level and those who did not complete all of the tests, a total of 47 healthy subjects and 49 patients were enrolled. Table 1 shows the patient demographics and clinical information.
imaging protocol A General Electric LightSpeed VCT scanner was used for evaluation of 39 of the patients by CT perfusion (CTP) before cognitive assessments. The mean time interval from CTP scanning to the assessments was 7 ± 3 days. Two neuroradiologists who were blinded to the clinical data jointly analyzed the CTP data using Neuro PCT software (Siemens Medical System) on a Siemens Medical System workstation. Maps of the cerebral blood volume (CBV) and cerebral blood flow (CBF), mean transit time (MTT), and time-to-peak (TTP) were generated as previously described. 36 Four parameters were calculated from an average of 8 regions of interest (ROIs) in 2 layers located in frontal white matter with a normal appearance. We modified the ROIs that were selected as previously described. 7 Each ROI consisted of a circle of 55-60 mm 2 .
Neuropsychological tests

General Intelligence Test
All participants underwent an IQ evaluation using the Wechsler Adult Intelligence Scale-Third Edition (Chinese version) based on 4 subtests (Information, Digital Span, Similarity, and Arithmetic) or the Wechsler Intelligence Scale for Children-Fourth Edition (Chinese version) for those who were between 6 and 16 years of age.
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Executive Function Tests
Comprehensive executive function tests were performed to assess different aspects of executive function, including executive inhibition, semantic inhibition, executive processing, working memory, and sustained attention.
The Stroop test was used to assess executive inhibi-tion. 24 Participants were asked to select colors in the following 3 presentation formats: dots, words, and colors. The total time and number of mistakes were then recorded for each condition.
The Hayling Sentence Completion Test (HSCT) was employed to assess semantic inhibition. 3 Participants were asked to complete a sentence with the final word omitted, in either a logical (Part A, initiation section) or illogical manner (Part B, inhibition section). In Part B, any word that is semantically associated with the sentence should be avoided. A shorter latency period and fewer errors on Part A or Part B indicate good initiation or inhibition function. For both Parts A and B, the total time (sum of all terms' reaction times [RTs]), correct number, and mean correct RT (total correct terms' RTs/correct number) were recorded. The numbers of type A and type B errors were also recorded for Part B.
The verbal fluency (VF) test was used to assess executive processing based on the number of words that were verbally produced in response to an animal's name within 1 minute. 18 The total number and repeat number of the animal names were recorded.
The N-back test was used to assess the spatial working memory of each participant. 4 Using computer software, a square and a plus sign ("+") were presented on the screen, and their relative locations were varied; 0-back, 1-back, and 2-back tasks were used in the current study. The 0-back task required the participants to determine the various relative locations of 2 figures. The 1-back task required the subjects to keep the initial relative locations of the square and "+" in mind and to determine whether the next locations presented were different. The 2-back task was more difficult. For this task, participants were required to compare the relative locations of the square and "+" between the current trial and the trial before the last. For each trial, the accuracy and mean RT were recorded each time the mouse was pressed.
The Sustained Attention to Response Task (SART) was administered to assess the sustained attention of each subject. 8, 28 The SART is a computer test in which 225 single digits are presented to the test taker over 4.3 minutes. Each digit is presented for 250 msec, followed by a 900-msec mask. The participants were required to press a key in response to the digits except on 25 occasions, when the digit 3 would randomly appear. We recorded the following results: hits (the accuracy with which the participant pressed the mouse when a number other than 3 appeared), the hit RT (the mean RT of the hit), and the correct rejections (the accuracy with which the participant did not press the mouse when the number 3 appeared).
Dysexecutive Questionnaire
The Dysexecutive Questionnaire (DEX) was used to assess all of the participants' subjective feelings about their executive functioning. There were a total of 20 items, and this test was administered to participants aged 18 to 50. For the participants who were younger than 18 years of age, their families were required to complete these items using the DEX-other. 10 
testing procedure
After signing an informed consent form, each participant was evaluated using the above tests, with a random sequence of test administration, which did not affect the results of any of the tests. We expressed our appreciation to each participant for his or her involvement in the study. This study was approved by the Institutional Review Board of Beijing Tiantan Hospital in affiliation with Capital Medical University.
statistical analysis
A multivariate ANOVA was used to compare cognitive function between the patients with MMD and the healthy controls, patients with hemorrhagic MMD and ischemic MMD, as well as between 3 different ischemic presentations (infarction, TIA, and other). Because there was only 1 patient with epilepsy, which coexisted with infarction, we did not address this presentation. Moreover, age and education were used as covariates in the multivariate ANOVA. We also performed correlation analysis to assess the correlations of CBF, CBV, MTT, TTP, and the time interval from presentation to assessment with all of the test items. The level of statistical significance was set at 0.05.
results differences in test performances between patients with mmd and healthy controls
A summary of the patients' test performances is provided in Table 2 . The total number on the VF test was significantly lower for the patients with MMD than that for the healthy controls significantly differed between the patients with MMD and healthy controls, suggesting that these patients had poorer sustained attention. However, none of the DEX questionnaire indices were significantly different.
differences in dysexecutive Function among the different clinical subtypes
The performances on all of the executive function tests were compared between the patients with hemorrhagic MMD and ischemic MMD ( Table 3 ). The patients with hemorrhagic MMD exhibited poorer performances than the patients with ischemic MMD on the Stroop test, VF test, and HSCT, with the exception of the number of type A errors. However, the patients with hemorrhagic MMD performed better than the patients with ischemic MMD on the N-back test and SART, with the exception of the hit RT.
There were no significant differences in test performances among the 3 ischemic subgroups (Table 4) ; however, the patients with infraction (subgroup 1) performed worse than those with TIA (subgroup 2), who performed worse than those in the "other" subgroup (subgroup 3), according to the results of the Stroop and VF tests. However, on the N-back test and SART, the patients in subgroup 1 performed more poorly than those in subgroup 3, who performed better than those in subgroup 2.
We also found that the patient age at onset was significantly negatively associated with the number of mistakes 
discussion
The results of the current study indicated that the patients with MMD had poorer executive functioning than the healthy controls, which is consistent with previous studies. 6, 7, 13, 26, 31 We also found that various aspects of executive function, including semantic inhibition, executive processing, working memory, and sustained attention were significantly impaired in the patients. Moreover, the 2-back RTs in the patients with MMD were greater than that of the healthy controls, indicating that the controls spent more time thinking about how to achieve accuracy. Additionally, we found that most of the healthy controls consistently applied a strategy, for example, they used objects that they saw in the room as their answers to part B of the HSCT. However, almost all of the patients with MMD failed to employ a strategy for part B of the HSCT. Thus, patients with MMD may exhibit poorer executive processing and task flexibility.
Unfortunately, the results of the DEX questionnaire did not reflect this impairment in executive functioning and task flexibility, which suggested that the patients with MMD or their families did not recognize their dysexecutive syndrome, which may have led to a delayed visit to the clinic. A previous study has suggested that patients with MMD exhibit impaired metacognitive executive functioning. 33 Moreover, the impairments in working memory and semantic inhibition that were observed in the patients with MMD in this study were significantly positively associated with the time interval between presentation and assessment, indicating a delayed a visit to the clinic, which may have led to worsened executive functioning, particularly working memory and semantic inhibition. A previous study has also suggested that a prolonged duration of symptoms and a younger age at onset are associated with cognitive impairment. 16 Patients with MMD with different presentations exhibited differences in executive impairment, according to their results on tests administered in this study. Three highlights in our results should be addressed. First, our results showed that the patients with hemorrhagic MMD had poorer executive inhibition, executive processing, and semantic inhibition than the patients with ischemic MMD, but the latter group exhibited worse working memory and poorer sustained attention. Hemorrhage related to the fragility of the neovessels is an acute process, leading to much more severe impairment of the normal brain compared with ischemia, which is a chronic process. Chronic processes include compression of neovessels that supply blood. Moreover, working memory and sustained attention are more vulnerable over time than executive inhibition, executive processing, and semantic inhibition, which are related to stable functioning. Second, in terms of executive inhibition and executive processing, the patients with infarction had poorer results than those with TIA, whose results were poorer than those of the patients in the "other" subgroup. However, the patients in subgroup 1 exhibited worse results than those in subgroup 3, whose results were better than those of the patients in subgroup 2 in terms of working memory and sustained attention. Third, we found that the time interval from presentation onset to assessment was negatively associated with working memory but positively associated with semantic inhibition, which may indicate that the natural progression of MMD may be associated with not only improvements in some aspects of executive function, but also worsening in other aspects. Further study is needed to clarify the effects of disease progression on executive function. Previous studies have indicated that revascularization surgery could improve the cognitive functioning of patients with MMD. 5, 22 However, determining when surgery should be performed and which aspect of executive function is altered in patients with different subtypes of MMD require additional research. Fur- ther postoperative testing of these patients should be performed to clarify these issues. Hypoperfusion of the frontal lobe may lead to some aspects of executive impairment in patients with MMD, especially regarding semantic inhibition and working memory. The results concerning the correlation between CTP and test performance in the current study indicated that perfusion of the frontal lobe was negatively correlated with semantic inhibition and working memory. The patients with infarction (located in the frontal lobes of all of the patients in subgroup 1) exhibited the worst performances on all of the tests in the 3 ischemic subgroups. This finding suggested that more severe ischemia led to poorer executive functioning, which is partially consistent with the results of previous studies, indicating that dysexecutive function results from hypoperfusion. 7, 26 Many neuroimaging and lesion studies have identified the functions that are most often associated with particular regions of the prefrontal cortex, including the dorsolateral prefrontal cortex, anterior cingulate cortex, and orbitofrontal cortex. 1 Moreover, both hemorrhagic and ischemic MMD always lead to occlusive bilateral ICAs, which are the most common arteries that supply blood to the frontal lobe. 7, 26 Other researchers have also suggested that cognitive impairment in patients with MMD may be attributed to stroke history or comorbid conditions. Su et al. have determined that smoking and Suzuki angiographic classification are clinical risk factors for cognitive impairment in patients with hemorrhagic MMD. 31 Williams et al. have also suggested that stroke history and bilateral disease are risk factors. 33 The current study has some limitations. First, our sample size was small, particularly the patients with presentations classified as "other." Second, all of our patients came from a single center, so the sample representation may not be optimal. Third, additional neuroimaging to detect frontal lobe function should have been performed to explore the potential mechanisms of dysexecutive function. Fourth, we did not include patients with ischemic or hemorrhagic disease due to an etiology other than MMD in the control group, which was matched to the patient group in terms of age, education level, and social status.
In summary, the current study provided evidence of the specific dysexecutive syndrome present in patients with MMD and its potential relationships with hemorrhage and ischemic presentation. Furthermore, our findings shed light on the consequences of cognitive dysfunction in MMD and its clinical subtypes and the potential mechanisms of the underlying dysexecutive impairments. In the future, we will seek to determine whether surgical revascularization improves dysexecutive syndrome in patients with hemorrhagic and ischemic MMD, as well as the aspects of executive function that may be altered.
conclusions
The patients with MMD exhibited poorer executive functioning, especially with regard to semantic inhibition, executive processing, working memory, and sustained attention. However, they did not report subjective feelings related to their dysexecutive syndrome. The patients with hemorrhagic MMD showed poorer executive inhibition, executive processing, and semantic inhibition than the patients with ischemic MMD, and the latter group showed worse working memory and poorer sustained attention. The patients with infarction exhibited the worst executive inhibition among the 3 subgroups of patients with ischemic MMD, and CTP of the frontal lobe was significantly correlated with perfusion of the frontal lobe, suggesting that chronic cerebral hypoperfusion results in impairments in the working memory and semantic inhibition aspects of dysexecutive function; however, this correlation may not fully explain other aspects of dysexecutive function. 
